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ABSTRACT 
Disc degeneration is a common medical affliction whose origins are not fully understood. An 
improved understanding of its underlying mechanisms could lead to the development of more 
effective treatments.  
The aim of this paper was to investigate the effect of (1) degeneration, (2) circumferential 
region and (3) strain rate on the microscale mechanical properties (toe region modulus, linear 
modulus, extensibility, phase angle) of individual fibre bundles in the anulus fibrosus 
lamellae of the human intervertebral disc. Healthy and degenerate fibre bundles excised from 
different circumferential regions in the outer anulus (posterolateral, lateral, anterolateral, 
anterior) were tensile tested at slow (0.1%/s), medium (1%/s) and fast (10%/s) strain rates 
using a micromechanical testing system.  
Our preliminary results showed that neither degeneration nor circumferential region 
significantly affected the fibre bundles’ mechanical behaviour. However, when the fibre 
bundles were tested at higher strain rates, this resulted in significantly higher linear moduli 
and lower phase angles.  
These findings, compared with data from other studies investigating single and multiple 
lamellae sections, suggest that degeneration has minimal effect on outer anulus mechanics 
irrespective of structural level, and the inter- and intra-lamellar arrangement and continuity of 
the fibre bundles may influence the lamellae’s regional behaviour and viscoelasticity.  
  
  
Page 3 of 21 
 
INTRODUCTION 
Low-back pain is a common musculoskeletal disorder that can be caused by a number of 
different factors, such as intervertebral disc degeneration (Luoma et al., 2000). Degenerate 
discs are characterised by various structural anomalies, including increased dehydration and 
decreased disc height (Hadjipavlou et al., 2008). The disease's origins are not fully 
understood and current treatments aim to alleviate the symptomatic pain instead of targeting 
the root cause (An et al., 2003; Andersson et al., 2006; Brox et al., 2006; Mirza and Deyo, 
2007; Raj, 2008; Zdeblick, 1995). An improved understanding of the disease’s underlying 
mechanisms could potentially lead to the development of more effective treatments.  
One region that contributes to loading response is the anulus fibrosus (AF), which lies on the 
disc’s periphery, and consists of 10-20 fibrous layers, or lamellae (Bogduk, 2002). The 
mechanical properties of multiple and single lamella sections with respect to degenerative 
grade, circumferential region and strain rate have been explored in the literature. 
Multiple Lamellae 
Neither degeneration nor strain rate had any significant effect upon mechanical behaviour 
(Acaroglu et al., 1995; Fujita et al., 1997; Gregory and Callaghan, 2010; Guerin and Elliott, 
2006; Holzapfel et al., 2005; O'Connell et al., 2009).  
Regarding region, studies testing in the circumferential direction found that anterior sections 
had significantly higher linear (‘Young’s’, E) modulus values than those taken from the 
posterolateral region (Acaroglu et al., 1995; Ebara et al., 1996). Higher E indicates the tissue 
has greater elasticity and strength, and could be related to the fibre bundles in the anterior 
lamellae having a tighter, more complete structure and higher percentage of endplate-to-
endplate continuity (Adams and Green, 1993; Marchand and Ahmed, 1990; Pezowicz, 2010; 
Pezowicz et al., 2005; Tsuji et al., 1993). The anterior region is subjected to much lower 
levels of axial strain compared with the posterior region (Stokes, 1987); hence, these 
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structural differences could be associated with mechanical demand. Initial toe region modulus 
(ET) was consistent between regions (Fujita et al., 1997; Smith et al., 2008), indicating that 
the initial straightening of crimped collagen fibres and elongation of elastin fibres is uniform 
throughout the AF.  
Single Lamellae 
Single anterior lamellae also exhibited the highest E values (Holzapfel et al., 2005; Skaggs 
and Weidenbaum, 1994), and strain rate did not significantly affect loading response 
(Holzapfel et al., 2005). Degeneration in single lamellae has not yet been explored.  
These studies provide an overview of the AF’s macroscale mechanics; however, the 
microscopic, collagen-rich fibre bundles, which are the major structural components of the 
lamellae, are yet to be investigated. These discrete fibre bundles, bound together by ground 
substance, are a distinct feature of the lamellae, as their orientation alternates with each 
successive lamella, giving the AF torsional resilience (Bogduk, 2002; Marchand and Ahmed, 
1990).  
This study aimed to examine the mechanical properties of healthy and degenerate fibre 
bundles extracted from the outermost lamellae with respect to circumferential region, 
degenerative grade and strain rate. Specifically, E, ET, extensibility (eM, the point of transition 
between E and ET) and phase angle (ɸ, energy absorption, where 0° denotes purely elastic 
behaviour and 90° denotes purely viscous behaviour) were measured. These parameters 
quantify the elastic and viscoelastic response of fibre bundles. Comparisons with lamella 
properties may help validate multi-scale computational models of the disc, and contribute to 
the development of tissue-engineered scaffolds.  
 
  




Ten human cadaver lumbar spines (mean age: 51 years, range: 16-91 years), were sourced 
from the National Disease Research Interchange (Pennsylvania, USA) and the Ray Last 
Laboratories, University of Adelaide (South Australia, Australia), cut into motion segments 
(two adjacent vertebrae and intervening discs), sealed in plastic bags and stored at -30C 
prior to use. One motion segment was taken from each of eight spines, with three motion 
segments taken from each of the remaining two spines. Institutional ethics approval was 
obtained for this study. 
On the day of testing, the motion segments were thawed for several hours at room 
temperature. Using a scalpel, the fascia surrounding the discs was removed until the diagonal 
fibres on the disc periphery could be seen. The discs were then dissected mid-transversely 
using a scalpel and prised open. Disc cross-sections were graded by two independent 
observers using the Thompson criteria (Thompson et al., 1990). Discs graded 1-3 were 
classified as healthy and those graded 4 were classified as degenerate. Only discs with 
sufficient height (greater than approximately 5 mm) were used, as it was difficult to extract 
tissue from severely narrowed (grade 5) specimens. A total of 14 (seven healthy and seven 
degenerate) discs were used in this study (2× T12-L1, 2× L1-L2, 1× L2-L3, 3× L3-L4, 4× 
L4-L5, 2× L5-S1).  
Using a scalpel, sections were excised from the outermost AF lamellae of one mid-transverse 
portion of each disc at four different circumferential regions: posterolateral (PL), lateral (L), 
anterolateral (AL) and anterior (A), yielding 14×4 = 56 sections in total (Figure 1A). The 
lamella sections were placed in 0.15 M phosphate-buffered saline (PBS) solution (Australian 
Chemical Reagents, Queensland, Australia) for 30 minutes to allow them to swell and 
hydrate. Individual, intact fibre bundles were then pulled from the lamella sections using 
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surgical tweezers. Care was taken to ensure that the fibre orientation within these bundles 
was consistently longitudinal, as verified by overhead photographs (Figure 1B). The 
minimum fibre bundle length was 5 mm to ensure that they could be clamped effectively. 
Lamellae from the posterior AF were not included, as the disc height in this region was small, 
and the fibre bundles, when extracted, often comprised multiple layers or were too short. 
Anterior fibre bundles were the easiest to extract, as they were longer and more intact. This 
observation was consistent with the findings by Tsuji et al. (1993) (Tsuji et al., 1993), which 
described the disc as having shorter, discontinuous fibre bundles in the 
posterior/posterolateral region. 
Tensile Testing 
Cotton fabric tabs, measuring approximately 6×6 mm, were folded onto the ends of the fibre 
bundles and fixed using cyanoacrylate adhesive (Selleys Shock Proof, Selleys, New South 
Wales, Australia) that had been dyed to help with visibility (Figure 2A). Care was taken to 
ensure that the glue was not applied to the length of sample between the two tabs. The 
distance between the two tabs varied with each sample, but for consistency, the minimum 
length was 2 mm, which was adequate for non-contact surface strain measurement. 
 Both tabs were inserted into a pair of custom-made tissue clamps such that the loading axis 
was aligned with the fibre orientation (Figure 2B). The two clamps were fixed to two 
opposing actuator arms of a CellScale BioTester (CellScale, Ontario, Canada) fitted with 2.5 
N or 23 N load cells (accuracy: ±0.1% of full scale), and secured in place using Hoffmann 
clamps. The clamped samples, orientated horizontally, were lowered into a PBS bath 
maintained at 37±1
o
C for the entire duration of the experiments (Figure 2B).  
A preload of approximately 50 mN was applied using displacement control for 10 minutes 
prior to testing. Pilot tests demonstrated that this preload magnitude was substantial enough 
to overcome the initial unloaded ‘slack’ region. The sample was then subjected to uniaxial 
  
Page 7 of 21 
 
tension under linear ramp displacement control. Displacement was applied until the linear 
region of the stress-strain response was reached without the tissue slipping out of the clamps, 
which, based on pilot tests, was 30% of the initial length of the tissue between the tabs. The 
mean ± 95% CI initial length of the tissue, measured photogrammetrically using the CCD 
camera, was 4.37 ± 0.67 mm, and the 30% displacement was calculated separately for each 
sample. Loading/unloading was performed at three different strain rates: slow (0.1%/s), 
medium (1%/s), and fast (10%/s), with the number of cycles for each strain rate being 10, 15 
and 15 respectively. The slow strain rate was reduced to 10 cycles due to the extended time 
taken to perform each test. Data sampling rates were 1, 10 and 100 Hz, respectively.  
LabJoy 2.0 software (CellScale, Ontario, Canada) was used to control the test parameters and 
collect the data. Images were captured by the BioTester’s overhead CCD camera (1280 × 960 
pixels). The raw data were processed with MATLAB R2010b (MathWorks, Massachusetts, 
USA) using a custom-made program. 
Measurement of Dimensions 
Sample width and thickness were measured photogrammetrically using the CCD camera. The 
camera was calibrated by photographing a steel plate whose dimensions were measured 
separately with a micrometer (accuracy: 100 μm). Sample thickness was measured by placing 
the sample on a mounting plate, turning the plate onto its side and imaging it. The average 
thickness was calculated from five evenly spaced thickness measurements taken along the 
mid-section of the sample between the fabric tabs. The samples were measured in their 
hydrated state after testing had been performed.  
Calculation of ET, E and eM 
ET and E were calculated by taking the gradient of the linear toe phase and collagen phase of 
the stress-strain curve during loading, respectively (Figure 3). To minimise any subjective 
ambiguity, the two moduli were calculated using moving cell linear regression to identify the 
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most linear region having the largest coefficient of determination (Smith et al., 2008). eM was 
then calculated from the intersection of these two moduli. All calculations were made using 
custom-written MATLAB programs. The force was measured by the BioTester load cells. 
The cross-sectional area of the sample was assumed to be rectangular, and therefore 
calculated as width × thickness. Non-contact surface strains were measured by manually 
monitoring two of the numerous visible marks close to mid-substance on the sample surface 
on the CCT camera images.  
Pilot tests showed that five cycles were sufficient for the tissue to reach steady-state 
hysteresis. As such, the last cycle in each set was used for the calculation of the two moduli; 
i.e. the 10th cycle for the slow rate and the 15th cycle for the medium and fast rates.  
Calculation of ɸ 
ɸ for each frequency was calculated between the input displacements and measured forces of 
the final five cycles of each stress-strain curve using the Cross Spectral Density Estimate 
function (CSD.m) in MATLAB.  
Statistical Analysis 
All statistical analyses were performed using IBM SPSS v.20 (IBM, New York, USA). To 
determine the effects of strain rate, degenerative grade and circumferential region 
(independent variables) on ET, E, eM and ɸ (dependent variables), the data were analysed 
using a mixed factor, repeated measures analysis of variance (ANOVA) with one between 
factor (degenerative grade) and two within factors (strain rate, circumferential region). Where 
appropriate, post-hoc analyses were performed using Bonferroni adjustments. A p-value less 
than 0.05 was considered to be significant. Effect sizes were estimated using the partial eta 
squared (
2







0.14 respectively, in accordance with Kinnear & Gray 
(2010) (Kinnear and Gray, 2010). 
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RESULTS 
The mean ± 95% CI sample width and thickness of the extracted fibre bundles were 
measured to be 1.75 ± 0.12 mm and 0.50 ± 0.04 mm, respectively. The stress-strain cycles for 
the fibre bundles were viscoelastic in nature and showed signs of hysteresis, as expected for 
soft tissue (Figure 4).  
The main effect for strain rate (Figure 5) was not significant for ET (p=0.284) or eM 
(p=0.071); however, E (p=0.003) and ɸ (p<0.001) were significantly affected. For E, pairwise 
comparisons showed that slow and medium strain rates were not significantly different 
(p=1.000), but E at the fast rate was significantly larger than those at both the slow rate 
(p=0.038) and medium rate (p=0.033). There was also a noticeable decrease in hysteresis 
with the fast rate. For ɸ, pairwise comparisons showed that there were no differences between 
slow and medium strain rates (p=0.110), but ɸ at the fast rate was significantly lower than the 
slow and medium rates (both p<0.001).  
The interactive effects of degenerative grade, circumferential region and strain rate on ET, E, 
eM and ɸ were analysed (Figures 6-9). Disc degeneration was not found to have any 
significant effect on ET (p=0.505), E (p=0.614), eM (p=0.121) or ɸ (p=0.172). Similarly, 
circumferential region did not significantly affect ET (p=0.102), E (p=0.708), eM (p=0.437) or 
ɸ (p=0.117). Thus, the toe, transition and collagen phase behaviours were consistent 
throughout the outer regions of the AF, regardless of degenerative grade, and exhibited the 
same degree of viscoelasticity.  
 
DISCUSSION 
This study investigated the mechanical behaviour of individual fibre bundles in healthy and 
degenerate human AF, and compared it to those in multiple and single lamellae.  
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There were several limitations. Firstly, an ideal tensile test should stretch the tissue to failure. 
However, despite using fabric tabs and cyanoacrylate adhesive on the tissue, and lining the 
clamps with emery paper, the failure point could not be reached without the high-strength 
tissue slipping from the jaws of the clamps, a relatively common problem in AF studies 
(Acaroglu et al., 1995; Ebara et al., 1996; Holzapfel et al., 2005; Skaggs and Weidenbaum, 
1994). Instead, the tissue was stretched until it reached the linear collagen phase (Figure 3). 
All samples reached this phase without slipping out of the clamps. Pilot tests showed that 
slippage was denoted by drops in the stress-strain signal, and no evidence of slippage was 
present in any of the final tests used in this study. Despite not reaching the point of rupture, 
the testing apparatus and gripping technique hold much potential for tensile testing anular 
fibre bundles, and could possibly be used for other fibrous tissue at the microscale.  
Secondly, the sample size did not produce sufficient statistical power. Given the variability 
between specimens, a larger number of samples may have resulted in the detection of 
additional significant differences (if they existed); thus, our findings should be interpreted 
with this limitation in mind. To produce a power value of 0.8, sample sizes of 126, 218, 26 
and 32 would have been required to detect significant differences for E, ET, eM and ɸ, 
respectively, for degenerative grade and circumferential region. Due to low numbers for both 
groups of specimens, the authors did not consider grouping healthy and degenerate specimens 
differently (e.g. healthy as grade 1 and 2, degenerate as grade 3 and 4), though this is worth 
considering for future studies. Regarding age-related effects, the authors also considered age 
as a covariate in the repeated measures analysis, though this did not yield any significant 
within- or between-subjects interaction effects for ET, E, eM or ɸ with respect to 
circumferential region, degenerative grade or strain rate (p>0.101). 
Finally, the non-contact tracking method used to calculate strain only monitored two points 
on the tissue's surface. Studies investigating tendon fascicles have shown that fibre bundles 
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are discontinuous and undergo significant interfibrillar sliding during loading (Szczesny and 
Elliott, 2014). Given that there are structural parallels between tendons and AF tissue, it is 
possible that anular fibre bundles also undergo interfibrillar sliding. Consequently, the use of 
only two surface markers may have introduced a degree of error to the strain measurements, 
and contributed to the variability between samples.  
The Effect of Degeneration 
The mechanical behaviours of the AF at different hierarchical levels with respect to 
degeneration, circumferential region and strain rate were compared (Table 1).  
The biochemical changes that occur in the AF as a result of disc degeneration do not appear 
to affect the AF's loading response at the multiple lamella level, nor the fibre bundle level 
(Table 1). It should be noted, however, that in the study by Acaroglu et al. (1995) (Acaroglu 
et al., 1995) there was a decreasing, albeit marginally non-significant, trend in E between 
healthy and degenerate multiple lamella specimens. Single lamellae within degenerated discs 
have not yet been explored, and could provide clarity to these observations. 
Narrowing down which AF components are affected by degeneration can help identify the 
areas of the disc that need to be targeted by prospective treatments. Disc degeneration is 
characterised by increased fibrosis and dehydration, a higher concentration of collagen type I, 
and a lower concentration of type II (Adams et al., 1977; Hirsch et al., 1952; Holm et al., 
1981; Naylor et al., 1954), so the similarity between the mechanics of healthy and degenerate 
fibre bundles is understandable. The disease is likely to have a more profound impact upon 
the nucleus pulposus, whose compressive modulus has been shown to decrease as a result of 
degeneration (Iatridis et al., 2007; Johannessen and Elliott, 2005). Additionally, the ground 
substance in healthy samples appeared to be more solid and intact compared with that in 
degenerative samples, which was gel-like and crumbly. Future investigations of the ground 
substance in degenerate specimens could help verify these qualitative observations.  
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The Effect of Circumferential Region 
E was shown to vary with circumferential region at the multiple and single lamella levels; 
however, these regional differences were not observed at the fibre bundle level. ET, eM and ɸ 
do not appear to vary in fibre bundles, though no other studies have considered these 
parameters with respect to circumferential region at the lamella level. These hierarchical 
comparisons suggest that the fibre bundles within the lamellae exhibit the same type of 
behaviour at the toe phase, transition phase and collagen phase, and have the same degree of 
viscoelasticity, regardless of their region of extraction. However, once they are bound 
together with the ground substance to create composite multiple-lamellar structures, E varies 
significantly with region.  
Various factors could explain the regional variability within the lamellae. Firstly, it could be 
related to the more uniform and continuous arrangement of fibre bundles in the anterior 
region compared with that in the posterior region (Marchand and Ahmed, 1990; Tsuji et al., 
1993). Secondly, proteoglycan, water and elastin content is significantly lower in the anterior 
region (Iatridis et al., 2007; Smith and Fazzalari, 2006), which could be associated with 
different mechanical demands. Thus, while the dominant mechanical strength of the lamella 
is more likely to be derived from the completeness, endplate-to-endplate continuity and 
arrangement of the fibre bundles, the inter- and intra-lamellar binding provided by the ground 
substance could make an important contribution to the AF's mechanical strength.  
In other studies, E for multiple lamellae was reported as 13.2-49 MPa, compared with 64.8-
136 MPa for single lamellae. At the fibre bundle level, E was measured to be 44.7±17.1 MPa 
(mean±SD). The difference in E between the fibre bundle and lamella levels could be 
attributable to inconsistent boundary conditions and an interruption in connectivity at either 
end of the fibre bundle. Future studies could explore how this artifact can be minimised to 
produce a more accurate representation of in situ behaviour.  
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The Effect of Strain Rate 
Investigating different loading conditions could help determine the extent to 
which the disc and its components need to be loaded before damage occurs. E in the fibre 
bundles increased when subjected to a fast strain rate, which is typical for viscoelastic 
materials, though this was not observed at other hierarchical levels. One explanation could be 
the variation in strain magnitude from study to study. The fastest rate used in the current 
study was 10%/s; however, the fastest strain rate in the single lamella study (Holzapfel et al., 
2005) was 10 mm/min, which, for a specimen that size, would roughly equate to 1.3%/s, 
close to the current study's medium strain rate. Similarly, the strain rates used in the multiple 
lamella study by Gregory and Callaghan (2010) (Gregory and Callaghan, 2010) were within 
the same order (1, 2 and 4%/s). Fujita et al. (1997) (Fujita et al., 1997) used a greater range of 
strain rates (between 0.1 and 50%/s), but only 10 samples were used, and the reported 
significance was p=0.11, which could be considered marginal.  
The decrease in ɸ for the fibre bundles at the fast rate demonstrated that they experienced 
greater energy absorption when loaded more quickly. This strain rate dependence is a typical 
characteristic of viscoelastic materials (Fratzl, 2008; Taylor et al., 1990). At the slow and 
medium rates, the tissue had time to adjust to the change in length, minimising the degree of 
tensile stress to which the tissue was subjected. Under the fast rate, the tissue was given less 
time for this rearrangement to occur. Less energy was lost, resulting in less hysteresis, but the 
tissue experienced higher stress. Interestingly, ET was not significantly affected by the fast 
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CONCLUSION 
For the first time, the mechanical properties of healthy and degenerate fibre bundles from the 
outer AF, as a function of circumferential region and strain rate, were compared, and the 
possibility of tensile testing individual fibre bundles using a micromechanical testing system 
was demonstrated. Our preliminary findings suggested that degeneration and circumferential 
region did not alter fibre bundle mechanical behaviour, whereas strain-rate dependence was 
observed for E and ɸ, indicating viscoelastic behaviour at the microscale. However, given the 
small sample size, the results should be interpreted with caution.  
Comparisons between the mechanical properties of multiple and single lamellae from the 
literature with individual fibre bundles from the present study demonstrate the important 
contributions that fibre bundle arrangement and the ground substance could make to lamellar 
regional variation and viscoelastic effects.  
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FIGURE CAPTIONS 
Figure 1. [A] Transverse view of a dissected disc showing the four circumferential regions of 
interest: posterolateral (PL), lateral (L), anterolateral (AL) and anterior (A). Scale bar 
represents 1 cm. [B] Fibre bundles extracted from lamellae, showing consistent fibre 
direction. Scale bar represents 1 mm.  
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Figure 2. [A] Individual fibre bundle with fabric tabs attached. Scale bar represents 1 cm. [B] 
The CellScale BioTester’s clamping setup. CellScale BioTester and PBS bath (1) Actuator 
arm; (2) tissue clamp; (3) Hoffmann clamp; (4) tissue sample; (5) water bath; (6) heated 
platform. 
 
Figure 3. Example of tensile stress-strain loading curve for a viscoelastic material, showing 
four different phases: the toe phase which represents the uncrimping of the collagen fibres 
and from which the toe modulus (ET) is derived; transition phase; collagen phase (from which 
the linear ‘Young’s’ modulus (E) is derived); and rupture phase. The yield point (Y) denotes 
the point at which non-recoverable plastic deformation occurs. The ultimate tensile strength 
(UTS) represents the maximum stress reached before failure occurs. The extensibility (eM) 
corresponds to the strain at the point of transition between ET and E. (Modified from Hasan et 
al. (2014) (Hasan et al., 2014).)  
 
Figure 4. Example stress-strain curves, at slow (0.1%/s), medium (1%/s) and fast (10%/s) 
strain rates, for fibre bundles. ‘Extend’ represents the loading portion of the test, and ‘retract’ 
represents the unloading portion. Curve fitting using (MATLAB: polyfit.m, third-order 
polynomial) was applied to each curve.  
 
Figure 5. Main effect of strain rate (slow, medium and fast) on ET [A], E [B], eM [C] and ɸ 
[D]. Columns represent mean (95% CI). Asterisks denote strain rate groups that yielded 
significantly different values compared with the fast strain rate group.  
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Figure 6. Mean (95% CI) toe modulus (ET) with respect to degenerative grade (healthy, 
degenerate), circumferential region (PL=posterolateral, L=lateral, AL=anterolateral, 
A=anterior) and strain rate (slow, medium, fast). 
 
Figure 7. Mean (95% CI) linear modulus (E) with respect to degenerative grade (healthy, 
degenerate), circumferential region (PL=posterolateral, L=lateral, AL=anterolateral, 
A=anterior) and strain rate (slow, medium, fast). 
 
Figure 8. Mean (95% CI) extensibility (eM) with respect to degenerative grade (healthy, 
degenerate), circumferential region (PL=posterolateral, L=lateral, AL=anterolateral, 
A=anterior) and strain rate (slow, medium, fast). 
 
Figure 9. Mean (95% CI) phase angle (ɸ) with respect to degenerative grade (healthy, 
degenerate), circumferential region (PL=posterolateral, L=lateral, AL=anterolateral, 
A=anterior) and strain rate (slow, medium, fast). 
 
TABLE CAPTIONS 
Table 1. Summary of three hierarchical levels: do degeneration, circumferential region or 
strain rate affect the mechanical behaviour of the AF? Y=yes, as evidenced by at least one 
study; N=no evidence; blank=unknown.  
  
  
Page 21 of 21 
 
 Level ET E eM ɸ References 
Degeneration 
Multiple lamellae N N   Acaroglu et al., 1995; Guerin and Elliott, 
2006; O'Connell et al., 2009 
Single lamella     None 
Fibre bundle N N N N Current study 
Circumferential region 
Multiple lamellae  Y   Acaroglu et al., 1995; Ebara et al., 1996; 
Elliott and Setton, 2001; Fujita et al., 1997; 
Gregory and Callaghan, 2010, 2011; 
Skrzypiec et al., 2007; Smith et al., 2008; 
Wagner and Lotz, 2004 
Single lamella  Y   Holzapfel et al., 2005; Skaggs and 
Weidenbaum, 1994 
Fibre bundle N N N N Current study 
Strain rate 
Multiple lamellae  N   Fujita et al., 1997; Gregory and Callaghan, 
2010 
Single lamella  N   Holzapfel et al., 2005 
Fibre bundle N Y N Y Current study 
 
 
